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Abstract

A series  of moclds  have bcw.n CIC.VC1OIM1 to describe the tem])cwaturc? distribution
o f  t.hermionic  cathodes  i n  IIigll  current discllargm  in an eflort,  to c:va]uatc  cfitllode
service life:. A number  of cx])mimental  measurement.s  IIave bcwn made to valiclate  tl)csc
moclels and ~>rovide  values  of t.llc input  p a r a m e t e r s . A database of axial ten~~)erature
distributions on a cylindrical, 2 percent thoriatccl  tungsten  cathode has bmn collcwtcd
for currmt  levels ranging from GOO to 1000 A at an argon mass flow rate of 0.75 g/s
and ambient gas prcxs~]res  ranging from 1500 to GOOO l’a. A dclit ional measurements
inclicatc~  a surface  cmittanm of shout O.G. The variation of  the attadlment  area wit])
current  and ~]ressure  was characterized hy measuring tllc  intensity distribution of an
argon i o n  lillc  near  tile cathocle  surface!, l’rmsurc mcmsuremcnts  made at tllc  ti]) c)f
tllc cathode  S1 1O W C C1 a consistently lowm  tip ])ressure  than tile tank prcwsurc measured
on t.lle chamber cloor. }’examination of tllc surfaces of Sevc:ra]  cathodes aftcw v a r y i n g
lc?llgths  of operation shows the evolution of surface microstructure and reveals the
]~rc:fh-cntia]  clej~osition  of thorium  metal on  tllc c.atllode  ti]).

lntrocluction

‘J’lIc  scrvjc.c  life of thcrlllicsllic  catlIodes is iwl]mrtant fo r  a IIUIII1)CII  of  IIig;ll  currc]it  (liscllarp;c
d(:vicm,  particularly several classes of electric t,lIrustcm suck as {:1(’ctrc)tllc’]-]l]al  arcjcts  a]l(l loa~;lle-
to])las]l]acly]la.][lic.  (Ml’])) cvlgincs. IJow thrust levels clictatc  ljuril ti]ncs of seveId  tllousa]ld  I1OUH,
and the c.athodcs  of these clcvicm  arc oftml  tile  life-li]niti]lg coln])o]lcvii. IIigll-curre]it  catllodc’s arc’
SU]Jj(!Ct  h fa,i]ur(! lIIOdCS Whi C]l Call b(!  C]aSSifid ~.S Cit]l(!l CV(!Ilt-COIISC(]  llCllt  01” t]l(! l’(’Sll]t  of (]a]l)a&)
accl]][llllatio)l.  l’;vc]lt-co]lscq~]cllt  failurc!s, suclI as c.atlIodc  ]nelti]lg  as a result, of wcwsivc  rcwistivc
heating, arc the result of a singjc catastrophic cwcnt and can 1)(: adcquatdy C.haractmiml  h ~~stiw

alo]lc.  IIowmwr,  it is i]n})ractical  to cllaractc!rize  tile failure risk assoc.iatcxl  with danla~,(l  ac.cu]l)ula  -
tion failure  IIIOIICS  hy tcsti]lg  alo]lc  bccauscI  of tllc cxtrc]nc]y ]OJIgI;  test (Iurat,ics]ls  rquirc(l  to okrvc
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(hlII]JarisolIs  of tlIc I)Iodd witJI  ~jrclilnillary  tlIcIIIlal  data slIowd  good agm’liiclit  at currclIts  below
aljout  1000 A aIld ]JrCSSUIC ICVCIS grcmtor  t]IaII ]!joo”  ]’a [3],  so t]Iesc c)x])(~rijllc)lts  c.ojlcclltratd  011 this

])aral])etcr raIIgc. III aclditioll,  tlic catlIodc  surface el[littallce,  tlIe size of tllc’ attaclllnc’llt  area,  tlIc
])rcssurc OII tllc catlIodc  ti]) aIId t]tc dist.ril)utioll  of tlIoriu III, w)licll  cletcrl[lil~cs  tllc work fllllCti~Il,
were cllaractcri~,cc] to ])rovidc!  ill])uts to sul)sequellt  ll)ode]iI[g CIffOI  ts.

‘1’IIC! Cat. hoclc ‘J’cst  Facili ty

‘J’hc catlIodc  test facility is S] IOWII ill tlIc diag;ralll  ill lf’ig. (1). ‘J1lIr stailIlcss stcwl vacuu III c.llalnbcr
is ().5 III ill dial[lctcr  aIId 2.4 ]n ]oltg  ajld is CONl})osC(l  of 4 w~ater-coo]ed  cy]illdrical  Seglll(vlts.

lli addition, a water-cooled co]~])ctr liner IIas lICCII  illsertd  ill tllc lni(l(lle  two s(’gIIIcIIIts  to ])cwInit

lollg-duratioll  o])c!ratioll. A s  tlic scllm)latic  ill l’ig. (2)  SI1OWS, t]l C fiTSt  SC~>Jll[’Ilt  fOI”Jll  S t]l C (]i SChaJ’f,C

C.]la?nbcr. A watc)r-c.oo]d,  riJlg-s]la])cd  co~)~)cr aIIode Wit]l  a (lialll(’tc’r  of ?’.6 CIII is JllolJlltCd 011 a

f!aJl~C  ]OCatd  bC’tWCCN  aJId Cd{ TtliC%l]~  iSO]att*(l f]olll t]l(,  fiJSt tWO taJlk S($~Jl)NltS.  ‘]’]lc Cat]ld(,

fiXtUIC  lllOUJltd C)JI t]lC’ VaCUIJIIl C]l:\lI)hC1’  (1OOT iS COIJl])OSd  Of tWO COaXi d tlJb(’S C’]CCt liCa]]~ iSOl%tCd

fro]])  cac]t  otllcr  and LIIc door wit]l  lilicarta  rings. ‘J’]1(’  illJICJ’  LIJb(> S(’J’\’(>S  aS tllC C.at]lOdC CU1’1’(’Ilt  fd
aJId IIa.s a wwtcr-c.oc)ld  ca]) 011 t})c clId to whic]l tllc cntllodc is clalll])cd. ‘J’hc outer  tube is dclc-
tricdly  floatil)g  and IIas a water-c.oolcxl co])]~cr disk lnouJltd  011 tlic clId with alI a])crturc  tllrougll
W]li C.]1 ~hc Ca.t]l OdC pmtrudcs.  “J’lIc’ ]nope]]a Jlt gas is il@ctd  hetWCIClII  t]lc’ two ttJbm aIId flows iJlto

the discharge cha.lnbcr tllrc)ug;]l  all a~lJlulus  arou!)cl  tlIc base! of t]lc c.atllodc.  ‘J1l IC i]iterc’lcc.trodc~  ga])

is sd by the thidncss  of a spat.m ill the c.athodc asscl[lbly. ‘J’IIc cati)odcs  used iJl this iJ~vcstigatioll
wcw rods of ~ ])crcmlt,  t,]loriatd  tlJllgstCll  76111111 ]oJIg and $).5 111111 ill dia Jllctcr  Wit]l  ]Iclnis])]lc’ricd
tips.  ‘J1lIC last tank sq;lncllt  cc)lltaills  a ]Ieat cxchallg;m  lnade of water-coo]d,  fiJIIICd CO])I)CI  tubing
to cool tlIC ex])aust  before it cl(tclrs tlic ])uln]ting Systcln. ‘J’lIe  tank  l)as a IIulnhcr of l~orts  whit.]t
l)rovidc o})tic.a,l  access to tllc disc. hargc  dlalnbc!r  as well  as tl]e lduIIIc. III a(l(li~ioll,  tll{’c.atllo(lca?  lcl
tllc discharge call bc viewed alolIg tile talik axis tlIIc)uglI  a window at tllc} rear of tile taJIk.

“1’lIcvacuuII)  c.llambwis  ]) UIII~KKl  by a6101/sl{oots  Mowcrhackcd  by a 1401/s  Stokes Imdiali-
ical I)uII~p. ‘J’hc systmn is capable  of acl)ievillga  vacuu III c)f 1[:ss tllall  0 .13 l’a witl~  IIo])mI)dlaIIt
flow slid a]) J)roxilnatdy  80 l’a wit}l all arg;oJl  flow rat,cof  0.75 g/s. IIiglicr aJltbirllt gas l)rcssurcs
arc acllicwcd  by tllrott.lillg  tllc ])ul[lpi]lg  s]mxl witli a valve 011 a by})ass arou  JI(l tile ~llaill  vacuu Jn
WI Vc . ‘J’]Ic a?nl~imlt  p ressu re  can bc colltro]]ed  to witllill  a})])roxi]llatc]y  3 30 70 l)a . ‘J’lIc arc is
])mvcrcd byt\vo  Mil]c:r  wc][]illg; ])o\vcr slJl)])]ies,  cac.11 ofw]]ic]l CaII ])rovidc 1500 A at a]oad  voltage
c)f 40 V colltilluous]y  or 2000 A at 40 V with a. 50 ])crcc~it duty c.yc]c. ‘J’lIc  initial arc brcakdowli  is
accoln]dis]lecl  with a 4 A, 850 V start su])])]y.

IIingnosi,ic.s

‘J’]te f a c t o r y  s}lullts  ill t]le Millm wddcrs have b(w.11  r(l])]ac(y]  wit}l  ])r(~cisioll  s]~u IIts  t]Iat arc IJSC(]

to IIlollitc)r  t,lIc arc currcqlt,.  “J’lIc tcrlnijlal  vo]tagc is lncasurcd  at t]lc curjcl)t  fccxlt}lrouglls  into tllc
t a n k .  ‘J’IIc  l)ro~~d]allt  flow rate is IIleasllrcc] Wit]l  a Sic,rra ]Jlstlull)rJlts  Side-’]’rak Mode] &Xl  flc)w

ll~ctm and  a Micro~notioIl  Modd  1)6 flow Inctcr  aIId co]ltrolld  with a tllrc)ttli]l:;  valvQ ]ocatd  just
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l’igurc 1: l)iap;ra~n  of tllc’catllodc  test facility.

l’igurc Z?: Sc.llclnaticof  tllcdcctrodc  collfi~;uratioll.
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u]~strealll  of tlIc illlc:t  t o  th[’ catliodc  fixture, ‘1’IIc  f low Illctc!r  outl)ut  was calil~mtcd  by II)easur-

illg t}IcI IIlass loss froIIl all argon bottle as a function of tillle. ‘J’IIICW h41{S ]Iarotroll  ca])acita]lcc
JIIa II OIIICtCrS wit]l ra]lgcs of O 133 l’s, () 1.3 x 10’1 ])a, alId O 1.3 X 105 l)a arc used to IIloliit,or
]) J”(ISSUJ’C!S, ‘J)IIC t]lrc!c transducers arc IIloulltcd  ill a sill~~c  IIlaliifo]d  wit]l two ill])ut  tubes. OIICI ]iile

II Icasums the taIIk pressure  througi  a fcwlthrougll 011 tlIc cl IaIIIlm C1OOI. A s])ccia]  cathode was
fahricatcd  witlI a 1 mII-I dialnctcr  ho]c l~oIwl tllc[ll~tirt>lc!llgt}l  aloIIg tllc cclltc:rlill(:,if’llic.11  SCIIVCS a s
a pressure t,a])  t,o )Ilcasurc tlIc ]) ICSSUJC  at lIIC catlIoclc  ti]~. ‘]’his  ])lc~ss~lrc~t  a])lvasc ollllcctc{l  to tllc
other IIlallifold  iJl]C!t.  l’;itllcr  })rcssurc c o u l d  bcI read ilidc]jcIldeIltly  hy valving ofl”tllc  otllcr  ill])ut,
‘1’lICSC  }mraIIIctcm  and a ll~lllll}c~rc)ffacility  te~lq)eratuws  arc recorded  with a h4acilltosll  colll])utcr
systc}lIl  uti]izi]lg l,aL\~icw software  al~d National  lllstru  IncIlts  IIllllti-fllltctic)l(  1/0 caIds.

A  ~11)’J11;~2250-l)  ~lIargcI  ~ljc!ctioIl  l)c,i~icc ((;ll)) calllc~-a  ii’ascll{)sell  asa]l optical I)ymnctric
scllsor to  lflca.sule  tllc two-(li)ncmsiollal  tc]ll])craturc  field OII tllc! cat] Iode. ‘1’hc systclll ol)tirs  arc
coIIIlmsed c)f t w o  i]ltcrfcrcllcm fi]tcrs wit]l  a ](I 11111 balld])ass  ccIItcred  at 632.8  11111 and a ]c)II~, ])ass
filterwitll  a C.lltC)ff  WaVC]C1)F;t]l  of 570 1111}, ‘J’IIc calllc’ralrlls  a])crturcisfixml  at arclative]y sjllall
valu~ of f/d  and llcwtra] dmlsity’  filtms aJ”c used to coIILIcd t]le iInagc illtcllsity.  ‘J’hc iIlla~,illg  a r ray
has 512 x 51’2 ~11) clctcc.tors  wllicll  arc read out at a IIlaxilllulll  rate of tliirty  t.illlcs  ])CI sccoIId.
‘J’lic!sc va lues  arc c.ollvertcd to all a?lalog  signal, w’]lich  is t]lcll  furt]lcr  ])roc.csscd  aIId outl)ut  as a
]Iorlna] video signal by the calncra  C]cctrollics. ‘J’IIc vidcc)sigl~al  is digitiz,wl  by a.l)ata ‘J’rallslatioIl
1) ’J’-2862 8-bit  fralIlc-grabber lJoaJ’d, w]lic]l yic’]ds  a filial  value ])c’twcc’]1 O and 255 C.orrcx})ol!dilig  to
t,lIc ilic.idcllt  ])cnvm. ‘J’}Ic  calllcra out])ut was calil)ratcd as a fullctio]l  of illciclcnt  radiallcc  using; a
tullgstml  ribl)on laln~l. ‘J’llcc.alibratioll  ]) Ioccdur(IaJI(] a (]etai]cd  c’rrc~I- alla] ysisfort]lc!  tc.llll~cra.ture
Ineasurclncvtts  arc! discusscxl  in [4].

11) tllc ex]wriInellts  tile calncra  and ol)tics  wwrc lIIou  IItcd o u t s i d e  tlie cltaJIIlmr  about  39.5 cln
fro]}]  tllcc.atllodc. “J’llc!  viclcoo~ltl)ut  fIOIll  tllcca]llc’ra ~t’as(ligitiz,c(l  to])lOvi(lcrc  ~d-till~ell  loIlitoriIlg
Of t,]lc tclIl]Jcraturc  distril)utio:l. Ollelillcin  l’irleol llcIilcJr~’c  llc)sc]l tocc)rlt’s])oIltlto  tllc:axisoftlic
catllodc  was saln]}lcd  froln each fra]lie, A  givcl~ IIUIIIl}CIr  of li]ics  were avcrag;cd, disl)laycd  in rc!a,l
tilnc!, aIId ])c!ricxlic.ally  stored OJI disk.

‘J1l IC sur-face! mnittancc  was ]ncasurc!d  usi~lg, a s~wcial  cat]Iodc fabricated wit])  radial  cavit,ics
loca ted  at axial locatiol)s4.5,  10 alId 15111111froIii tllccatliodcti]). ‘J’hQ ] lllIlldiaJ1lC!tCT,~  JllJll  d(!~])
cavities wcrcforJnccl  by clectrodisc.ll:~r~;c~  lllacllilli:lg.  l’;x])criI1lellts  aIId tllcorctic,al  calcu]atiolls  yield
alI cll~ittancc  of abcmt 0.95 for cavities With this lcIlg,tll-tocliaIl~  etcr ratio and rou&lI walls [5,6].
‘J’lic cvnittallcc  of tile surrc)ullding  cathode surfzzce  was calculated by C.o]n])arillg  the radialic.c  of tile
c.avitics  with  tile surface  radiance.

‘J’IIc C.alncra  was also used to study  tllccxtellt  of t)le arc attacllJl)cllt region. ‘J’wo illtc!rfcrmlc.c
f i l ters  wit]) a 10 11111 balld}mss cclitcrcd at 488 11111 were used to select radiat ion frcnl) aJI illtcJlse

argolI ion lillc. IIllltirc  iInagcsof tllc catl)odc a]td Jlcar-catllode  discllarg;c  regiou were tl~ell  ca])turcd
wit])  ~]1~ frall~~ gI.a,bl~cl board  allcl allalyy,cd  t o  yic]d tl~c’  lateral  intc’Ilsit.y  distributio  J1. ‘J’hme
Jll CaSLll’(llIICJlt S were used to calculate al I ul)])cr lwul Id Olt tllc arc attaclllilcllt  awi al}d tllc avcrag;c
currmlt  dm)sity iIl tli(! attacll]]lmlt  zone.

]’hnissioll  s~)cctrosc.o])y was also used to resolve ce]ta.ill  fcatulcs  of tllc t~right ]dasllla IIcar tllc)
cathode surface. An iInagc of t]lc c.a.t]lodc was forlncd  011 a scrccnl  wit]l  a ]CIIS Illou  Jltc(] outside tllc

Vacuutn  c.llalnber. A ]CJlgt}l of fiber o])tic  cab]c was i]lstallcd  wit]l  tllc 100 lnicroll  dialllctcr  il]lct
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located at thc!centcrof these.rccm aTId flush with tlic!ilnap;e  pla IIc. ‘1’IIC Sc.rcc]l  and fibc!r illld W’(’lC

llloulltcd  on a lIlicroIIlctcr-o  ])cratc(l  X-}’ trallslatioI)  stage so that tlIc illl(’t could 1)0 posit io)ld at

aIIy dcsird point  ili tll(! ilnage. Wit]l this tdl]liquc,  ligllt-g;atllcri  ]lg with liigll  s])atia]  resolut ion
fr(nn aIIy iIIlagc po in t  could k achicvcd. ‘J’hc liglit Clll(’rgillg  fro]n tlIe fil)cl  exit  was focusc(l  011
tltc eIItIaIICC  sl i t  of  a  oJIc-mctcw  Md’lIcrsoII  ll~ollocllrolllatc)l  usi]lg;  all o])tic.a]  syste]n dmigllcxl  to
lnatch  Lllcfilm IIumcrical  apcrturcw’it]l  that c)f tllc II]c)llocllr[llllatc)l. Varial)l(!  ]llc)llc)c.lllc~li~atc,l  slits
were set  at 30 to 50 mic.ro]ls  and a 1200 groove pm m]n gratillp,  was uwl tc) (Iis])’crsc  the lig;ht,
])rc)~’i(li]lga})otclltial  rcsol~]tioll  i]lfi]sto rclcrofO.lo  AIlgst]o~I~s.” ‘1’llc Out])ut of a IIamalllatsu  1/928
l)llotollllllti])licl-  tube was dis])laycd  o]i a strilj  chart recorder.

‘J’lic surface ]nicrostruc.turo  aIId cIlcInmItal  coln])ositioli  of c.athodm aftc!r  ol)matioli for various
lc]lgths of l,imc  were analyzed using a sc.allliillg  clcctroli lnicroscc)])(!  (S II;M)  a]Id cllcrgy-clis])elsil’e
s])ec,trosc.o])y  (1’)1)S), ‘1’lICSO  Incasurc!lnc]lt,s  were usecl to cllaractcrim  c.]langcs ill tllc surfac.c fillisll
al)d tllc distribution of tlloriuln  metal C))I tllc surfac.c.

Cathode  Surface l’lmittanm

l{liowlcdgc  o f  tlic cmittallcc  is IIot o]Ily c)f iln]~ortallce ill ])rcdicti]lg  tllc radiant IIcat f l u x  as a
l)oulldary  condit,io]l  olL tllc tllcrlnal  lnode]s, i t  is  a lso rquirwl  to collvcrt tlic radiallcc  lncasurcd
directly hy tllc i]naging  pyro]nctcw to surface tmn])craturcs. ‘J’lIc Catllodc  with tllc tliree cavities was
ilnagcd in a. series of cxpcrimcnt,s  at 1000 A with taltk ])rcssurc!s of 1500 to 3000 l)a and argon  ]nass
flow I’atcs of ().25 to 0.75 g/s. ‘1’lle  radiallcc  froln tile I)ac.k wa l l s  of tllc cavities a]ld frmn s])ots oll
tllc catlloclc  surfs.c.c ill tllc sa~nc axial  lc)c.atiol]s  and a]~l)rcxilnatcly  1 xli~n fro]n tllc cclltcrlillc of tlIc
cylindrical c.avitics was mcasurctl. ‘J’IIc surfac.(:  cqllittallc,e  calc,ulatcd  frolll  tllc ratio of tllc radiarlcm
and a cavity cmittanc.c  of 0.95 is shown i]l l’ip;. (3). ‘i’lIc cvnittancc  is essclltiall,y  uniforln along tljis
])art of t])c ca.tllodc  and ra?lgcs frojn 0.53 to ().66.  ‘1’]lis  is ]Iigllcr  t]lall  cmittallc,es  IIIeasu  Icd by CIC!

Vos 011 polished tungsten ribboIts [7] and ill similar cx])erilncl)ts by Myers [8] ill a low ])owcr MI’])
tllrustcr,  but agrees W C]] with later mcasurmnmlts  by l’illmc)rc!  o]i a si]ni]ar tllrustcr  [6]. Subsequent
clmnclltal alla,lysis  of tllc area surrounding tllc cavitic!s  using l+hlc!rgy l)is]mrsivc SI)cctroscoI)y  (1’;1)S)  ~
sllowcxl only ])urc  tuIIgstcII,  but Scatlning  l’lcctro]t hflicroscol)e (S I’;M) cxall]ill atio]ls rcvcalcd a vmy
coln]d cx mi crostru  ct.urc. ~’llc observed i]lc.rcasc ill c]nitta]lc.c  is c.ollsistc]lt  with ]neasurmncllts  for
tu]lgstcn  wit]l  a c~larac.tmistic.  surface rouglillcss of 1-3 lnicrolls [g].

W]lc]i ])lottcd as a function  of tllc local tclllperaturc  ill l’ig. (4), tile IIlcasurclncllts  illdicatc  a
slight dccrcasc  in cmittanc.c  with increasing; tcln])c’laturc. ‘J’llis bc]iavior was also ohscrved by de
VCM [7] and Fillmore [6]. A n~call  value c)f al}out  0.57 was CIICMC]I for all suhscxlucmt  tllcrlna] data
analysis.

Axial  ‘J’em]mrature  l)istrihutiolls

‘J’lIc  focus of this cxIJcrimcmt  is tllc dcvclo])mellt of a datahasc of tem])orature  nlcasurcnlcllts  for
usc ill validating tile models. ‘J’lICI axial  tcln])cwaturc distributic)ll ill tllc first 15 to 4 0  ]nla of tllc
ca.tllodc  (Inca surcd from tllc til))  was dctcl-lni]lcd  usilig  t]ic ilnagi]lg I)yro]nctcr for curre]lt, ICVCIS of
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60(1, 800” a])d 1000 A,tallk  l) TcSSU1’CS  of ]500, 3000, 4500 a]l(]  6000 l’a aud all argo]l lllaSS flow ]atc
of ().75 g/S. ‘1’y]jical  results arc sllowl  I ill l“igurm (5) (8).

At t,lIc til), the hnpcrature  increases weak]y  wit,ll cuII(!IIt for all ])r(xsures.  ]]ow(~vcr,  a IIIOIC

dralllatic  illc.rcasc ill tcm}]c.raturc  wi th  curjcl)t  is ol)scrvml olI tllc cathode  sliaft. ‘J’lic locatio]l o f
tlic attac.lllncnlt  zmtc c!clge was  mtilllatcd  l~y filter  ])llotogra])lly  (dcscrihcd  ill detail ill t,llc ]lext sc.c-
tioll) slid ])lott,ed  o)) the teln])eraturc  l)rofi]cs. 111 all Cases the bellaviol  of t}l(’ klllp(’l”atur[’  J)di]C

u])strcaln  of tile attacllmc:llt zo]lc! edge is VCJJ) regular,  leflcfctillg tllel-]lla]  tralls})ort dc~ll~illatcd  oIlly
l~y cc)ll{l~lctioll,  racliatioll  alldcollvec.tic)ll.  IIisidctllc’ attacl]rnc]lt  zo]ic, WIICW tile Iiiorc’ coln])licatcd
arc IIcatillg  lncchallislns  dolnillate, t]lc ])rofilcs  arc Inore co]i)])lex. A  qualitativc]y  difl’erc]lt tcln-
])eraturc  distribution oc.cum for tllc lowest ])mssurc, as  first  ol)scrvcd  ill [4]. At lowr I) ICSSUIWS
a tc~ll])eraturc ])cak is located  011 the shaft of tlic:  cat)iodc, wllilc at IIigllcr ]jrcssurw  tlIc ~)cak i s
loc.atd  o~ltl~et,i]).  MaIlyoft  ]lctc:Il~])cratlllc!  ]] IofilcIsat lligll[~r  ]jrcssll  I~:alscJs lio~iac llallgc!illslc)~)c
il)sidc  tllc attacl Ilncnt zoIJe. ‘J’he i~ltellsit~~  ])cak a t  tlIc ti]) )nay colltaill SOIIIC  contribution  fmln
])lasIIla  racliatioIl, eit]lcr t]lec,olitillllll  ll) ill t]lc ]0 11111 l)alld])ass of tl)e 632 IIIH ilitc~lfel(:llccfiltc:r  o r
tl)e il~t,egratd  drd o f  ]das]na radiatio~l  C.ollc:c.tcd ill t])e Wings of t}l(: h]ocki]lg  filters.  ][c)wcvcr,
Itlcasurclnc Ilts of tile plas IIIa illtmlsit.y  Ofr of tile catllodc  surface illdicatc  Lllat this colltrihutio]l  is
Sl]lall.  llt addition, tile tilnc:sca,lc  for decay of t]lc ti]) illt.cllsity  ])cak W]ICII t]ic arc is cxtillguisllcd  is
Inucll  longer t]lan the lJlasrna decay tilllc’sca,lc!s,  ])rovillg  tlIat  tllc ])oak is duc to surface lull~illosity.

‘1’l~cvariatioli  Ofthc])ea.k  tc!lll]){’rat~jrcsl~ritll  currcllt  slid ])rcssurc~is  sulll~llaljzed  ill l’ig. ( 9 ) .
‘J’llis  f i g u r e  S}IOWS tllc weak dc.])cvldmlce  of  ])cak tcIl~l)eraturc  0]1 curccllt slid tlic ]nuclt  str’ollgm
efl”cct of tank  ]~rcssurc.

‘]’]IQ ~)rofi]c%ilj ](’ig.  (6) dc!]no]lstra.te  t]lc degree of irrc!])~oc]llci}ji]it}r  ill t]le cat}lode t.elnperaturc
fortllc: sal]lco])crati]lg  ]~oil~t,  Wliiletll(:  ti])tc:lll])crat~]  lcisgc:llcr:{lly  (lllitc!r  c})catablc,  tclil])eratllrcs
C)IJ the shaft call  vary by as ]I]ucI1  as 100 1{ fro]]]  OIIC trial  to tllc Ilcxt. ‘1’lIc s]la])esof  tllccurwsarc
all very silnilar,  but  in soIIlc cases tllcy arc displad  u])ward by t]Ie a])])carallcc of a tcq[l])craturc
})cali  or ])latcau upstream of the ti]). ‘J’llis  suggests that additioltal  l~catillg is occurring  ill this
]ocatioll which pulls t,llcclishibutioll  to IIigllcr  tcln])craturcs. SoIncof  tllcillc!l)ro(lllcil)ility  call  h
attributed to varying run durations, bc!caus(!  tile tclll])eraturc  disl,ributioli  a~)])c!ars  tc) evc)]vc With
til]lc. ‘1’l)c cvolutioll of the tmnl)maturc  I)rofi]c duri~lg a five ltour run at 1000 A, 3 0 0 0  l’a and
0.75 g/s is summariml  iu l’ig. (10), wllicl]  dis])lays  t}lc ti]) tclllI)c’raturc ca lcu la ted  assulnilir;  all
c.mittallc.c of ().57 and the tcm])era.turc  at c,acll of tile t]lrcc cavities ca]culatcd  wit]] all c~llittallcc
c)f 0.95. ‘J’hc dotted lines areillterj)olatecl  values  ill rcgio]ls  wllc.rc t]ic ti]) tc]n])crature  and cavity
tclnpcmturcs  were not availaldc because  tl~c IIlcasurcrnmlt lillc  was IrIovcd off’ of tllc axis to luc)llitor
tllc radia.llce  outside the ca,vit,ics. ‘J’IIc  discontinuous increase iIl tllc’ tcln])maturx!s at al)out
10  lnillutcscla])scd  tilncoccurrcxl  wllelt  tllcc.urrollt  wa.sillcrea.scxl  froln tllc start value of 800 A
to tlIC 1000 A o]}eratillg  ])oiat. Aftm  a tralisicllt  ]astillg  o]l]y several ]nillutc:s, tllc ti]) tcln])eraturc
becoJncs  rc]ativc]y  constal]t  at 2750 2780 1{, ]Iowcvcr,  after about two ]Iours  tlIc tcln])~raturc  011
tllc shaft starts to climb. ‘J’hc liig)l teln])craturc  ZOIIC is cfkctivdy  crccping  bad  011 tllc cat]iodc

shaft. ‘J’]IC fact that the cavity radiance  sltows t]lis cfl’cct  suggests that it is a true illcrc!ase  ill
tmn])craturc,  ]Iot just all ilkcreasc ill wnittal)c.e. ‘J’lIese  trallsicllts  are ~llost likely due to aII illcrc’asc
ill tllc ICllgtl]  of tllc attac}llncut ZOIIC prcci]~itatcd by cllallgiltp;  surfidcc. co]lditiolls, as discussed below.
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l“ip;urc 11: IJistributioll  of tllc 488  III))  AI 11 line intensity  distril)utic)ll  at 800 A and 1500 l’a.
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JI’jgurc 12: Co]n]JarisoJi  of 48811111 Ar 11 lillc  intensity  distril}utiolls.
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imap;cs  ly usiug tJIc last contour lillc  as the attac.lllllc]lt  Zollc cxlgc. ‘1’llc  axial  lc:llg;th  alId clIcloscd
area am })lottcd ill l“ig. (13) as functions of currc]lt aIId ])rcssurc.

‘J’l)csc  values in gc!llcral  arc lnucll  largm thau the attaclllncllt  arc:a calculated with  tllc catlIodc

Inodcls [2,3]. Using the cult,irc plaslna zone may tllcrcforc  ovcrcsti]natc  tlic lieat illl)ut area wllicll
is required hy tllc model. As suggested above, tllc cxt(\IIt  of tll(! l)rig]lt  rcg,ioll  at tllc til)  Inay  l)c a

lnore ap])ropriatc  lcl@ll  scale fcn the arc heating  arc!a. A qualltitativc!  asscssmc]lt  will IJCI attmnpted
wllclI t,ruc radial iutcmsity  ])rofilcs  am avail  al)l(!.

‘J’IIc  up]mr houud  011 arc. attac.lllnmlt  arm  was used to calculate tllc average cul-rcllt  dcwsity.
‘J’llcrcmlts  arcplott,cd  in l’ig. (14) as a function c)f currmit  and ])rmsure. ‘1’lle  values arc rclativc]y
c.onsta.llt  for a $;i VCll ])rmsurc, rdlcctillg  a roug]lly  li]lc.ar  rclatiolislli]) l)ctwccll  attac.lllllmlt area and
currcut,  a.ud raugy from about 100 A/cm12  for 1500” l’a to 800 A/CIn2  for 6000 l’a. ]Iec.ausc  tllc
tclll])craturc! ilic.reasc:s  c.ollsiclmal)ly  dowllstrc!am of tllc attaclllnmlt  z,o]lc edge, alligllly IIolluuiforln
axial  current dcvlsity  distribution is to be cx])ected. ‘J’he.sc values c)f average cul-rent  dcvlsity  will
therefore uudcrcstima.te  the currcmt dc!llsity  ill tlic! ti]). III fact, tllc edge of tlic luulillous  plasma
zol)c rcljrcmnts  the l)oiut wl]crc tllc curmlt density falls below a value wllic.11 })roduc.cs suflicic]lt
ionization to lnakc tllc p]aslna visible at 488 n]n. ~oln])arisoll  c)f tllc’attaclllllclltl  (’lig;tlls  wit,ll  the
t,eln]mrature  profiles in l’igurcs (5) (8) snows tltat this occurs at a cathode surfac.c tcm])craturc
ral]gillgfroln  about 2200 slid 2400 K.

Cathode ‘J’i]>  l)ressurc Measurements

‘J’llccatlloclc  tller]llal li~odcls alcq~litcs cllsitivc't  c)tllel  )rcss~lrc'1lcar  tllccatllo(les llrfaccl  }eca.~lscit.
~days  all iln})ort,ant  role in dctcrmirlillg  tllc IIcat flux froln tlIc sllcath  rep;iort. ‘J’lte tllerlilal  )nodc]s
llavcbeclll lloclificclt  osclf-collsistcl  Itlyc.alc~llatct  ll('raclitil ])lcsslllc’gla{lielit wllicllissll])l)ortccll}y
a radid~zll~,  forc.e, wllcrc~z  is tllc axial current dmlsity and 11~, is tllc self-iuduccd azilnutllal  ma~-
ncticficld  [3]. Assumiliga  uniform current  dcmsitygivell by lfOt/mr~, wliere lfOf is t}le  total currmlt,
and illtcgratillg  tliis force ovm all arc. column of radius ?*C yic!]ds  a })rcssurc’  diflcrcllc.e l)ctwecn  tllc
alnhicnt  pressure aud the cclltcrlillc ])rcssurc of

(1)

wllcrc i/O is tllc ])crlncability  of vacuuln. l’;stimatcs based OII t h i s  rclatiolls}li])  using;  tllc c.urrellt
ICWCIS and arc colum~i radii froln tltc cx])cri]nc]lts  suggest that a ])rcssurc increase of several hundred
l’aovcrt llca]]lbie]]t]  )rcssurcsl]oulcl  bcolmrvcd  on tl]ccathodcti ]). SUC.11 overprcssures  IIavcbcen
cx})crimcmt,a~ly  confirmed in aself-field dcvic.c  ullclcr silllilar o})cratillg  cc)llclitiolls  [11].

IIowcvcr,  ill tlIcsc cx])crimeuts  tile exact o])})ositc hcllavior  was observed. As SIIOWII ill ltig. (1 5),
tllc ])rcssurc measured with the ])rmsurc ta]) on tllc C.clltcrliue  of the cathc)dc  is sul)stautially  lower
thau the lncasur-cd tauk ])rcssurc. ‘J1hc pressure diffcmncc dccrcascs  slightly with incrcasilig  c.urrcnt
aud raugcs  from 1600 to 1800 l’a for a tmlk pressure of 3000 6000 l)a and is about  1100 l’a for a
tank ]jrcssurc!  of 1500 l)a.

A nulnlm of cxpcrimmts  were ])crforlncxl to test t]lc validity of t]lc l)ressurc tal) ]l]c:as~lrc:rllcllts.
lhxause  the same prc!ssurc transducer was used to lllcasurc I)ot]l t]lc tank  l)lCSSUIC all(l t]lc c.atl~odc
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l“igurc  13:  ]’;stimatcs  of the attacllli)c]lt  zoIIc axial lcIIgllI aIId  cIIIclosd arm.

cc’lltmlillc  ])rcssurc, SC])SOI cfl’cct.s SUCII  as e lectr ical  noise fro]]  I tlIe arc CaII 1)(! ruld out. A r(\tur II

to t])e low cmlt,erlillc  pressure rcadi]lg  after ])ressurizillg and i so l a t i ng  tlic ~)lc$sure  ta}) lillc SllOWC’[1

t]iat t]IC ]) ICSSUIC tap iII tlIC catlIodc was IIOt I)loclid during arc ol)(}ratioll. As SI)OWII ill }1’ig. (1 6),
tlI(I  ])r(wsum  ~ocasurecI tl}rougli  the })ressum  ta]) rccovcrs to tllc tank  ])rcssurc level wllcvl  tllc. arc is
cxtillguislicd  and dro])s to tllc low value again WIICI1 it is rmtartcd. Aftc’r  twc) lIOUTS  of o~jmatioll
the cathode pressure tap WIM cxamid and  found to bc UII (la II IaF;ml. After  a total  of ] 3 ]10111S

a tlli]i  SIICII of tull.gstm  was disc.ovcd over t)le o r i f i c e , l)ut cracks ill tile slIcll  a])])arcl[tly  s t i l l
providod suflicicmt,  Collllrlllllicatioll  to ]nc:asurc  tllc l)rcssurc! , hut  witl~ a so]ncw]iat ]o])gcr ]CS1)OIISC
tilne. ‘1’he  I)rohlmn lnay lie ill t h e  assuln~~tic)]l  that tlic tal)li  ])ressure lfleasurcd oll tllc! cllalnbc]
door a])])  roxilna.tcly  40 cln froln tile catl~odc tip is rcq)rctsc)l}tativc  of tllc! alnl)icllt I)rcssurc IIcar the
c.athodc. ‘1’0 test, this C.ollcc!])t,  a cathode with a secoIId l)rcssure  ta]) located 01] the shaft  ul)strcaln
of the attaclmcwt  area is being fal)ric.atcd.  ‘J’llis  should ])rovide  a better  ]Ilcasurclnclit  of tlic! local
alnl)icllt  ])ressure.

Cathode  Surface Microstructure and CIlemical State,

‘1’lIc surfticc fillis]l  al)d cllc]nica,l state o f  t]le catllodc  arc illl])ortallt  Ijccausc tllcy dc!tcr]nillc  t o
a large cxtcllt  tllc tllcrlnal  radiatio]l allcl clcctroll Clnissioli  ])ro])erti{:s  of t]le surface. III t}lc IIlodcls
tile radiant lieat  flux varies directly witli tllc elnittallcc  tiII(l tlIc currcllt  dcllsity dc])cvlds  cx~)ollclI  -

tially on the work function. ‘J’horiulll  oxide is added  to tull?;s(~,]l dUIi IIg t]lc silltc]illg ~)roccms,  and
a t  llig;h ol)cratillg  tc]n])craturcs  is rcxluct!d by tl)c tull~stcll, forlllill~  tlloriuln  llletal which diflum
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I’igum 16: l’;x]lcrilnents  C.o]lcluctcx]  to test o])cwatior~  of  tile ]Jrcssurc  taI).

to the surfac.c and forms an adsorba.tc layer. ‘1’he elc:c.tric  dipole layc!r formcxl by this  clcct]opositive
atoln  oll tungstc])  lowers tlIc catllodc  work fullctioll, facilitating tlic csc.ape  of clectrcj]ls  froln tltc
surface  and allowing a lower operati]lg  tmnl)crature.. ‘1’hc variatioli in the work function  with tlio-
riu]n covcragc!  is showII in l’i.g. (1 7) [] 2]. 2’IIc coverage  f is dcfillcd I)y O/ O., where o is the surface
dens i ty  o f  adsorbcxl  thoriuln  ai,olns  and 00 rcl)rcscllts tlie IIulnl)cr dwlsity at tlic millilnuln  w o r k
function. At low covcragc the work function  a])proac]los that of ])urc tulgstcn,  about 4.5 eV, wllilc
at high coverage the work function  is close  to that of bulk thoriuln  lmtal, shout 3.27 eV. At IIigh
tmnpcraturcs  tllc thorium metal cva])orates fmn tile surface. ‘J’IIc  equilil)riu]n surface coverage,
which dctmnincs  the lowering of the work function)  is do]mndmlt  on the relative rates of supply
by cliflusioll  from tllc cathode interior  and loss by cva])oratiolt and mass trallsl)ort tlirouglt  tile
surrounding plasma [4]. IIecausc, of t)tc extmnc IIiorld smlsitivity  to this para]nctcr,  it is cssmltia]
to cllarac.tmizc the cxtmlt  of thorium covcrag;(! o]] tllc catllodc  surface.

III th is  stucly five sc~)aratc  Cxalnillatio]l  of c.atllodcw usi]ig;  1’;1)S  in all dcc.troll ]nicroscopc  were
performed. ‘J’he first c.athodc  had been operated for a total of approximatc]y  20 IIrs allcl  the final
rur] had lastml about 1 hr.  ‘J’lIc  s a m e  c.atllodc wzts tllcw polis}lcd  a]lcl exalnincxl,  and tllcll  tested
for al)oui, ] 2 sm and studied again. ‘J’he prc!ssur[!  tap cathode, with a c.ulnulativc  opcrati]lg  time
of 13.3 IIrs was exa.minccl  after a fi]ial  run of 6.5 mill. l’ilially,  tllc catllodc  witli  tllc cavities was
cxalnined  after a final rulltimc  of 5 hrs, 13 lnin and a total o]mrati)ig time of 8 l)ours,

‘J’lIc cxaminatioll  of the polished cathode  S11OWU1 a pure tullgstcw surface scored by salldpa-
]mr with IIo a])l)rcciablc t]loriuln coverage, After tile 12 sec run tllc surfac.c  lnicrostructurc  was
don)illatcd  l)y the surf am C.rateri]lg  which occurs duri]lg tllc start p]lasc. 011 start-u~],  tile cat}iodc
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l“igum 17: Variation of work function wil,ll  tlloriu]t)  covmagc  on tung;stcll.

surface is too  cold to sup]}ort, thcrmimlic. cmissio]l, so c.urrellt mntilluity  is Inaintaillcd  by a Ilulnhc]
of higlil. y mobile hot s]}ots.  Alt,l Iougl I t,l Ie bulk tcln])crature  is low, tllc local  tc]n])craturc  III i,l Ic:se

anission sites is well above tllc Loilillg ])oi]lt of tlic ]ncta], so vigorous va])orizatioll and” melting
occurs. ‘J’his  cxtrcmc]y  destructive proc.css  for]ns  slna,ll craters w’ith dimmisions  ranging;  froln less
than amicrolt  toscvcral hundred lnicrons. ‘J’llcmnission  sites lieat tllc catllodc,  and after several
SOCO]ICIS  the l~ulk c.at]lode  t,cm])cra,ture  I)cc,o]ncs  suffic.icultly  lligll  a.lld tllc attac.lllnellt  transitiolis
to t,hc thcwmiollic  lnode  disc, usscxl  ahov(!. IIowcvm, in tlie process tllc original surface bccolncs
ol~litcratcd  by tllc cratming f rom tllousfi~lcls  of ti]ly clnissic)ll  sitrs. ‘J’IJc crater sizcillc.rcascs  with
hu lk  c.atllodc t,cmpcratutc,  so tllc lalgcst  craters arc fclrlnc!cl ill the highest  tcln])craturc  region
just before transitioli  to the tllcrmiollic  moclc. ‘1’IIc  SII;M cxamillation  revealed that a numk!r  of
thcsclargc  craters had dc])osits of tlloriuln  in thcln. l’ig;ure  (18) isa I)llotolllicrog;ra])ll  showjllg a
rc])rcscmta.t,  ivc c.rater with a dialnctm  of a~)out 100 Inic.roils fou)ld  oJI tile ti]) c)f this catllodc.  ‘J’llc
light,  crsInootll  regioIls all[lglol~lllcsa  ret}lorillI)lI  ilctal. ‘I’liccraterillg  ])roc.ess  aI)])arclltly  serve.s to
cxcavatc  deposits of thorium froln tllc catllodc  bulk.

'J'llccatlloclc  tcstecl  for Gllli  IllItcs  }vassi  Illilar  iIla])])caralicet  cJtllcc  atllc)(lc:t  cstc(lfc)l  12 sec. ‘J’llc
microstructure on tile shaft of tllc c.athodc  that had hCJI o])cratcd for about 1 IIr was also do]ninatcd
by the initial cmtcring  proc.css; IIowcvcr, significant  surf am rmtruc.turi  Ilg a]ld rcdistributic)ll  of
tlioriu  In had occurrccl 011 tllc ti]). A large c.ircula I- region on tile til)  was composed of a ])orous
tUJl&it~Jl  structure that looked like a coral reef. ‘J’llis was SUllOIJlldCd  by a ring c.oJn])oscd  of tiJly
rectangular crystals of pure tullgstcll,  as SIIOWU ill l’ig.  (19). hflally of tile lalgc  cratf!rs w’crc fi]lccl
to tllc rim with ])orous acculnulations  fo tllesc crystals, as S] IOWII ill ]’ig. (20). ‘J’l ICSC structures
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l“igurc  18: ‘J’horium  dcpositsm  flcmrof  cratcr foulid after  12 scc of opcratioll.

arc l)rO~Jab]y  forlnccl by rccrystallizatioli  c)f tuJtgstc]I  at IIigll  o])crati]lg  tc]npcraturcs or b.y v a p o r
deposition of tungsten.

‘J>hc most astonishing feature of this cathode, however, w a s  tlIc c]tor]nous  Cm]lccntraticm  of
thorium on the tip. ‘J’lIc rough,  ligllcr  luatcrial  s]nearcd alno]lgst tllc crystallillc  s t ruc tu res  ill
l’ig. (19) istlloriuln  metal. Such deposi ts  wcrc found all over tlic t;]), derlmnstratillg  c]carly that
so]nc ]) TOC,CSS  results ill tllc c.c)llc.c:lltratic)li  of tlloriuln  oIi tlIc IIottest part c)f tile c.atllodc  surface.

l’lxalnillation ofthcshaft  of tllccatllo(lc’tl  lat IIad bml run fc)rok’c!lf ivc:lio~lrsr  cvc:alc:{l  tlloriuln
dcl)osits ON tlic floor of large craters about 15 ]n]n froln tlIc ti]), ‘J1lIC  shaft dowilstrcaln  of this
point a])])cmcxl  to be dcplcl,ed  of thorium. Substantial rcstructllrillg  oftllc  ti]) had also occurrcd
011 this cathode, with tllc characteristic tungstcll  crystals, coral-like strut.tur(!s a]ld c.loggc!d  craters.
llowcvcr,  on tllc extreme tip was an cxtraordillary  licw feature. A circular region a.])proxilnatcly
1.6 m]n i]) diameter was coIn})oscd of structures that 100lied like ferll leaves, as SIIOW:I ill Fig. (21).
‘J’hc stcvn and ribs of the structures arc pure tullgstc]l, and the material that a.])pcars to have
flc)wcd bctwccl~tlicl~l is})llrc  tllc)]i~lll~.  AIl~agllific!~l ill~ag{:  c)fc))lc oftllcl cavcsiss  lLo\vIli  lll`ig.(22).
1’;1)S  alla.lysis r evea l s  that tlloriuln  lnctal IIas ac.culnulated l)ctwcell eac}l of tllc riljs SIIOWIII ill t,llis
]Jllotolllicrogra])ll. 111 other areas  o]] tllc tip tllc surface was coln})osc(l  of sc.allo])cd or wave-like
structures as slIowII  ill l“ig. (23). l;acll o f  tllcsc ])urc Lultgstell  dc])ressiolls  i s  filled With a tiny

lake of thorium, ‘J’hc  cathode tip tcn~peraturc  cxcccds tllc IIlcltillg;  teln])craturc  of thorium, so
the  catllodc  ti]) must  o])cratc  with ])001s of lI]oltcII  tlloriu]n Illelal  wliicll  collect  ill tl)c dc!})rcssioIls

bctwccn the tulIgstclI  structures.

‘J’lloriuln  can al)parcntly  he su])])licd to tllc surP~cc’ from a tlli]l  layer Ly difl”usio]l  alo~l~ grain
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l“igurc 19: SlnootlI tungsten crystals With  dc])ositsof  tlloriu]n found after 1 lIour of o]mratioll

l“igurc 20: Oatmrs c.logged with tungstcll  crystals  after 1 hour  c)f O])CI  atioll.
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l“igum 21: ‘I’u IIgstclI  aIId tlloriulll str Ilc.tIIIc>s  foIIII{l CMI tlIc til) after .5 lIours ofol)cratic)I~.

l“igurc 22: h4agllific!d  ilt~ap;eof tllc)fcrll-lik(,  structu  IcIs.
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l(’igure 23: ‘1’illy  tu])gstm)  depressions filled writll thoriuln  Inetal.

lmullda.rics  or pores [1 3], and at the tmnpmatum observed in t,lIw5e  cxpcrimc]lk tlIc desorpticnl rate
o f  thoriu]n  greatly  excccds tllc diflusioll  rate fmn tlie illtcrior. ‘1’lLc discovery of large quantities
of thorium on tlic Ilottcst  part of t,l)e ca.tllodc })rovcs  the cxistencc  of all additional ]nass Lransl)ort
stcJ) wl[icll li?nits  the rate of thorium  loss. Ximill  has ])ro])oscd  that thorium  is ionized ill the arc
m~cl drawn hack to tho surf am by the electric. iicld  llcnr tllc c.a.tllodc [14). ‘J’his  rccyc.lillg of thorium
metal  could explain the observed results. ‘1’llc  cold catllodc  cratmilig  l)roc.css  cx})oscs  ]ICW del)osits
of t]lorium during  startup. l)urjllg;  stcacly state o])cratioll tllc t]lorium cva])oratcs  ra])idly ill tlie t,i])
and further upstream on the shaft. ‘J’hc thoriuln  vapor diffuses into the intense  discharge zone ucar
tllc cathode tip and is ionized and drawII  hack to tl)e surface. ‘1’IIc su]j])ly  rate by this mfxl~anism  is
cvidcnt]y  sufficiently high compared to the cva])oratiol) rate to rmult i]] bulk condmlsatio]l OII the
tip. ‘1’his is a powerful mechanism for tllc transport  of tl)orjuln  froln tllc cooler })arts of t,llc s}laft
to the hottest region,  and it relics colnplctc]y  on tile cxistmc.c  of the arc to fullctioll.  ‘1’his process
results in the cle])lctioli  of the thorium su])]dy  on tllc shaft,  so t,ho work function  ill this  rcgioli  will
ill c.rcasc as the covcragc d ccmascs. ‘1’lte  tip work function  Inay also increase  initially as tlic covcragy!
passes tllrougll tllc value j=. 1 and forlns hulk tlloriuln  lakes 011 tlkc surfidcc. ‘J’lic Clcctroll clnissioll
on the tip may he do]ni]la.tccl  by cmissioll  froln the bulk tl)orjull}  sites or froln tlloriatcd  tungstcll
su r faces  Lctwcc]i  tllc bulk dc])osits, so it is difiicult to COIICIU(IC what tllc dl’cctive wc)rk  function

would be from this cvidencc.
‘J1his  })llysic.a,l  ])ic.turc  IIlay cxl)laill  the tllcr]na]  tra~lsicllt  hcllavjor  obsmved ill tlic cx]milncmts.

‘J’hc initial  increase in tip tcmpcrat,urc  may’ IJC associated wit]) t]ic ]Jui]dup  of thoriuln,  after Wllicll
t h e  eficctivc w o r k  function  I)mo]ncs  Sta}J](’ at SOIIIe value bctwce~j t]le lj)inill)uln  aII(l  t]lat c)f hulk
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thorium. ‘J’IIc tip temperature thml lwco]t]wi stal)lc. IIowcver, dcplet.  iml of thoriul]] still occurs alc)llg
the shall, rcx]uiling  inc.rcasing  tc]npmaturwi  to lnailltaill  tllc c]l)issio]l  COIIIpOIICIIt frolll this l)art c)f
tl)cattaclllnmlt.  ‘J’llis ])rocess ol~vicJllsly  c.allllot  cc)lltilllle  ill{lc!fillitc!ly. Gradual  loss of tlloriuln,  cvcll
rate-  lilnitml  by tllc gas tra.ns])ort ])roccsscs, w i l l  cvmitually  deplck  tllc rcsourcm  uIImverd ill tlic
cratering  ])loccss or available froln tllill  surface layers.

‘J’hc microstructural  c.hangcs  that occur  duril~g  cq)matioll  Inay also aflcct the radia]lt  heat  flux
and tllc tmn])craturc  mcasuremcvlts. Surface rougllclli]lg by forlnatioll  of tlIc ])orous structures can
inc.rcasc  the surface cmittanc.c,  wllilc sulmqucvlt, tllcrlnal  ])olishing  can c.ausc! it to dmmasc.  l“urtller
charac.tcrization  of long- tcrln lnatcrial  hcllavior  is rcqui red to rcso]ve this issue.

conclusions

‘J’IIc  database of ca.tllodc axial tmn]mraturc  l)rofilcs IIas I)ce]l  extclldwl to a]lll}ic]lt  argo]l  ])rc!s-
surm  as high as 6000 l’a for c.urrellt levels  rallgillg fro]n 600 to 1000 A. IIowcvcr, tllc transient
Lcdlavior  o f  tllc tcvnpcraturc  distrihutic)ll  colll})licat~!s  com])arisoll  w i t h  ]IIodcJ ])rmlic.tio)ls.  ‘J’lic
mnittanc.c lncasurmncnts  suggest a value ranging  froln ().53 to 0.66 is appropriate, plobah]y  as a
result of surfac.c rougllcnil~g.  Rec.cult  c.olll])arisolls  of tlIc ]nodc]s  w’itll ])rcli]nillary  tcln])c]ature  mca-
suNImcIIt,  s agreed well at a C,urrellt IcIvcl of 1000 A and 1)C1OW usi]ig this cmittal~cc, but this ap])cars
to I) JOCIUCC too ]nucJI cooling along tile cathode shaft  for c.urlelits  al)ovc 1000 A. Additional tcstillg
is required to cwtcnd the mcasurmmts  further  u])stream  011 the sl~aft.  ‘J’hc size of the attacllmcmt
a.rca was c.llaractcrizcd  based 011 argon  ioll li]lc  illtcllsity  distributions, yicldillg;  trcrids that a.?;rce
w i t h  ]nodc] })rcxlictiolls  hut al~solutc values  that  arc ]nuc.11  IIiglicr  tlia.11  those g;ivell  by tllc modc]s.
‘J’hc cxistcnm  of a much smaller lulnillous  plasma rcgioll JIcar tlic cathode tiJ) and a small arm

of tullgstcll  rccrystalliza.tion  aIId  tlloriull)  accul[lulatioll  oll tllc til) suggests  that tile IIlost  ac t ive
attachment zoIJc is much smal]cr  than  tllc cxtclit  of tllc plasma ]ulninosity. ‘J1hc prcssulc  ta]) mca-
surcmcmts  consistently showed ti}) pressures suhsta.litially  lower tllw[ tllc tank ])rcssurc lncasurcd  on
the chamber  door. Furtkcr  cxpcrilne]lts  with additional pmsurc  taps tc) measure the ambient pres-
sure closer to tllc attachment ZO]IC are ])lanllt!d. ‘J’hc surf am cxalnillatiom  rcvcalcd that thorium
deposits arc exposed by tllc cold c.athodc cratcrillg  ])roccss  and subsequent  sc.grcgatio)l of thoriuln
lnctal occurs over the cathode surpac.c  during  stc!ady  state opera.tioll. ‘J’he tlloriuln  is dctplctcxl  on
tllc cathode shaft and ])rcfcrcntia]ly dcl)ositcd 0]1 tllc c.atllode  ti]), ])ossibly Lccausc it is icmizcd  in
the ]dasma. near the tip and drawn  back to tllc surfac.c by tllc electric. field. ‘J’lICXW ol)scrvatio~is
~)lac.c bou]lds  011 tllc tip work fullctioll,  Lut tllc axial and teln])oral variations ill tlloriuln  covcragc
coln})lic,atc  tlic lnodc]s.

‘J’lIc  rcscarc.11 dcsc.ribcd  ill this l)a~)cr was co]lduc,tcd at tll(!  Jet l’ro])ulsioll  laboratory, California
lnstitutc  of ‘J’cclInology,  under a. contract  with tllc Natiollal  Acro]lautics  and Spa.c.e Adlnillistratioli.

‘J’lIc aut]lors  would like to tllallk W.]{. ‘J’lloglnartill,  1{.1,. ‘J’oc)]natll  and A.(;  . OWC]IS for their
tec.hnic.al  a.ssistallcc  and dedication ill constructing  tllc catllodc  test facility. ‘J’lIcI a.wistallcc of S.
l,cwis and M. ~crw~o in the J]’], Sta.lldards l,at}c)ratory  ill c.alil)ratillg  LIIC imaging })yrolnctc!r is
gratefully ackllowlcd,gcd.
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Figure  23: Tirlyturlgsten  depressions filled  with thorium  nietal,

boundaries or pores [13], and at the temperatures observed in these  experiments the d,esorpticm rate
of thorium greatly exceeds the diffusion rate from the interior. The discovery of large  quantities
of thorium on the hottest part of the cathode proves the existence of an additiorral  mass transport
step which limits the rate of thorium loss. Zimin  has proposed that thorium is ionized in the arc
and  drawn back to the surface by the electric field near the cathode []4]. This recycling of thorium
met al COUI d explain the observed results. l’he cold cat bode crat ering process exposes  new’ deposits
of thorium during startup. Iluring steady state operation the thorium evaporates rapidly in the tip
and further upstream on the shaft, I’he thorium vap’or diffuses into the interlse dscha,rge zone near
the cathode tip and is ionized and drawn back to t,he surface. l’he supply rate by this mechanism is
evidently sufficiently high compzmd  to the evaporation rate to result in bulk condensation on the
tjp. This  is a powerftd mechanism for the tranSpOrt of thorium from the cooler parts of the shaft
to the hottest region, and it relies completely on the existence of the arc to function. This process
results in the depletion of the thorium supply on the shaft, so the work function in this region will
increase as the coverage decreases. The tip work function may also increase initially as the coverage
passes  through the value j= 1 and forms bulk thorium lakes on the surface. The electron emission
on the tip may be dominated by emission from the bulk thorium sites or from thoriated  tungsten
surfaces between the bulk deposits, so it is difficult to conclude what the effective work function
would  be fronl  this evidence.

This physical picture may explain the thcrnlal  t~iinsient  behavior observed in the experiments.
The initial increaxe in tip temperature may be associated with the buildup of thorium, after  which
the effective wo~k function becomes stable at some value between the minimum and that of bulk
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Figure  21:  Tungsten and thoriums  tructuresf  ound,onthe  tip aftcr5hours  ofopera.t,ion,

I’igure 22: Magnified irnageof  the fern-like structures.
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Figure  18: Thorium deposits on fIoor of crater found after 12 sec of operation.

arc probably formed by recryst. a.lli  zatj cm of tungsten at high operating t ernpmatums  or by vapor
deposition of tungsten.

I’he  most astonishing feature of this cathode, however, was the enormous concentration of
thorium on the tip. The rough, ligher  material smeared arnong,st the crystalline structures in
Fig, (19) is thorium metal. Such deposits were found all over the tip, demonstrating clearly that
some process results in the concentration of thorium on the hottest part of the cathode surface.

Ex,arnination  of the shaft of the cathode that had been run for over five hours revealed thorium
deposits on the floor of large craters about 15 mm from the tip. The shaft downstream of this
point appeared to be depleted of thorium. Subst,arrtia.1  restructuring of the tip had also occurred
on this cathode, with the characteristic tungsten crystals, coral-like structures and clogged craters,
IIowewr,  on the extreme tip was an extr~rdinary  new feature. A circular region approximately
1.6 mm in diameter was composed of structures that looked like fern leaves, as shown in Fig. (21).
The stem and ribs of the structures are pure tungsten, and the material that appears to have
flowed between them is pure thorium. A magnified image of one of the leaves is shown in Fig. (22).
EDS analysis reveals that thoIium  metal, has accumulated between each of the ribs shown in this
photomicrogralpho In other areas  on the tip the surface was composed of scalloped or wave-like
structures as shown in Fig. (23). Each of these pure tungsten depressions is filled  with a tiILy
lake of thorium. The cathode tip temperature exceeds the melting temperature of thorium, so
the cathode tip muit operate with  pools of molten thorium metal  which collect in the depressions
between  the tungsten structures. ‘

Thorium can apparently be supplied to the surface from a thin layer by diffusion along grain
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Figure 19: Smooth  tungstc~~crystds  with deposits of thotiuln  fourLdafteT  lhour of operation.

Figure 20: Craters clogged with tuIlgsteII  crystals  after 1 hour of operation.
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Figure 12: Comparirmn of 488 Ilm AT 11 line intensity distributions.
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